Abstract: Neuronal voltage-gated Cav2.1 channel controls a broad array of functions, including neurotransmitter release, neuronal excitability, activity-dependent gene expression, and neuronal survival. The Cav2.1 channel is molecular complexes consisting of several subunits: α1, α 2 /δ, β, and γ. The pore-forming subunit, α1, is encoded by the Cacna1a gene. Tottering-6j mice, generated by the Neuroscience Mutagenesis Facility at The Jackson Laboratory, are a recessive mutant strain in which the mutation has been chemically induced by ethylnitrosourea. In tottering-6j mice, mutation in the Cacna1a gene results in a base substitution (C-to-A) in the consensus splice acceptor sequence, which results in deletion of a part of the S4-S5 linker, S5, and a part of S5-S6 linker domain I in the α1 subunit of Cav2.1 channel. The mice display motor dysfunctions and absence-like seizures. However, protein expression in the cerebellum of tottering-6j mice has not been investigated. Realtime quantitative reverse transcription polymerase chain reaction and histological analyses of the cerebellum of tottering-6j mice revealed high expression levels of tyrosine hydroxylase, zebrin II, and ryanodine receptor 3 compared with those of wild-type mice. Conversely, a low level of calretinin expression was found compared with wild-type mice. These results indicate that Cacna1a mutation plays a significant role in protein expression patterns and that the tottering-6j mouse is a useful model for understanding protein expression mechanisms.
Introduction
Neuronal voltage-gated Ca 2+ channels (VGCCs) control a broad array of functions, including neurotransmitter release, neurite outgrowth, synaptogenesis, neuronal excitability, and activity-dependent gene expression, in addition to neuronal survival, differentiation, and plasticity [22] . VGCCs are a molecular complex consisting of several subunits, including α1, α 2 /δ, β, and γ [1] . VGCCs are classified into five groups: Cav1 (L-type), Cav2.2 (N-type), Cav2.1 (P/Q-type), Cav2.3 (R-type), and Cav3 (T-type). The pore-forming α1 subunit has four homologous transmembrane domains (i-iV) with six transmembrane α-helices (S1-S6) and a pore-forming P-loop between S5 and S6 [1, 22] . The α1 subunit of Cav2.1 channel is encoded by the Cacna1a gene at the tottering (tg) locus of chromosome 8 [5] . mutations in the Cacna1a gene cause several neurologic disorders in humans that have an autosomal-dominant inheritance pattern, including familial hemiplegic migraine, episodic ataxia type 2, and spinocerebellar ataxia type 6 [15] .
Cacna1a mutant mice include rocker (rkr), tottering (tg), rolling Nagoya (rol), leaner (la), tottering-4j, tottering-5j, wobbly, and pogo mice [3, 9, 11, 16, 23, 24] . These animals display neurologic disorders similar to those observed in humans [22] and are characterized by mild to severe ataxia, movement disorders, and epilepsy [14] and by abnormal expression patterns of calbindin D-28K (Calb1) [9, 18] , calretinin (Calb2) [2, 13, 23] , tyrosine hydroxylase (TH) [3, 11, 17, 23] , zebrin II (Ze- STAGE 17 February 2016) brinII) [3, 17, 18] , ryanodine receptors 1 (Ryr1) [2] , ryanodine receptor 2 (Ryr2) [17] , and ryanodine receptor 3 (Ryr3) [2] in the cerebellum.
Tottering-6j mice are generated in the Neuroscience Mutagenesis Facility at The Jackson Laboratory (The Jackson Laboratory, Bar Harbor, MA, USA) using ethylnitrosourea administration. in our previous study, we have found that it has a recessive mutation due to a Cto-a base substitution in the Cacna1a gene, which leads to exon 5 skipping and consequent direct splicing of exon 4 to exon 6 [10] . Thus, part of the S4-S5 linker, S5, and part of the S5-S6 linker domain are missing in the Cav2.1α1 subunit. We also observed that tottering-6j mice show poor motor coordination [10] and seizure along with its pharmacological profile [7] . However, the protein expression patterns in the cerebellum of tottering-6j mice have not been investigated.
here we used real-time quantitative reverse transcription polymerase chain reaction (qRT-PCR) and histological methods to determine the expression patterns of proteins in tottering-6j mice, including Calb1, Calb2, TH, ZebrinII, Ryr1, Ryr2, and Ryr3.
Materials and Methods

Ethical declaration
This research was conducted in accordance with the Declaration of helsinki and was approved by the animal Experiments Committee of the RIKEN Brain Science Institute (Approved ID: No. H26-2-206). All animals were cared for and treated humanely in accordance with the institutional Guidelines for Experiments using animals.
Animals
The Jackson Laboratory provided the tottering-6j mouse strain, which was generated against a C57BL/6J and BALB/cByJ mixed genetic background [10] . In the present studies, tottering-6j mice were backcrossed with C57BL/6J mice for three generations, producing tottering-6j mice with a C57BL/6J genetic background. The mice were allowed ad libitum access to water and food pellets (5058 PicoLab Mouse Diet 20; LabDiet, St. Louis, MO, USA) and housed at room temperature (23 ± 1°C) with 55 ± 5% humidity under a 12:12-h light-dark cycle (lights on from 8:00 am to 8:00 pm). In this study, we used 8-week-old male littermates of tottering-6j mice and wild-type (+/+) mice.
Real-time qRT-PCR
The mice were euthanized with an overdose of pentobarbital sodium. Total RNA was isolated from the cerebellum of 8-week-old mice using TRIzol reagent (Invitrogen, Carlsbad, CA, USA). Five mice were included in each group. To quantify the mRNA levels of the genes of interest, we performed real-time qRT-PCR using an ABI 7700 Sequence Detection System (Applied Biosystems, Waltham, MA, USA), and primers specific to each gene (Table 1) . Each PCR mixture contained 8.5 µl sterile water, 12.5 µl SYBR Green (Applied Biosys- Immunohistochemistry mice were anesthetized with an intraperitoneal (i.p.) injection of Nembutal (50 mg/kg). They then were fixed by transcardiac perfusion with 4% paraformaldehyde in phosphate-buffered saline (PBS; pH 7.4). The brains were removed, embedded in paraffin blocks, and sliced into 4-µm-thick mid-horizontal sections. Five mice were included in each group. The sections were deparaffinized with three changes of xylene and two changes of absolute ethanol. Deparaffinized sections were autoclaved for 10 min at 120°C. The sections were rehydrated and incubated for 30 min in 1% H 2 O 2 in methanol. The slides were incubated for 1 h in a blocking solution (5% skim milk). The following primary antibodies were used: mouse monoclonal anti-Cab1 (anti-Calbindin-D-28K Clone CB-955; 1:500; Sigma-Aldrich, St. Louis, MO, USA); rabbit monoclonal anti-Calb2 (1:100; Spring Bioscience, Pleasanton, CA, USA); rabbit monoclonal anti-TH (1:100; Sigma-Aldrich); rabbit polyclonal antiZebrinII (1:100; Novus Biologicals, Littleton, CO, USA); mouse monoclonal anti-Ryr1 (1:100; Novus Biologicals); rabbit polyclonal anti-Ryr2 (1:100; Novus Biologicals); and rabbit polyclonal anti-Ryr3 (1:100; Merck Millipore, Billerica, MA, USA). The following secondary antibodies were used: biotin-conjugated antibodies for Calb1 and Ryr3 staining; Histofine Simple Stain Mouse MAX PO (Nichirei Biosciences Inc., Tokyo, Japan) for Calb2, TH, ZebrinII, and Ryr2 staining; and polyclonal goat anti-rabbit immunoglobulins/horseradish peroxidase for Ryr1 staining. All slides were subjected to 3,3′-diaminobenzidine histochemistry after secondary antibody incubation.
Cresyl violet and Terminal deoxynucleotidyl transferasemediated dUTP digoxigenin nick-end-labeling (TUNEL) stainings
mice were anesthetized with an i.p. injection of Nembutal (50 mg/kg) and then fixed by transcardiac perfusion with 4% paraformaldehyde in PBS (pH 7.4). The brains were removed, embedded in paraffin blocks, and sliced into 4-µm-thick mid-horizontal sections. Five mice were included in each group. The sections were deparaffinized with three changes of xylene and two changes of absolute ethanol. For cresyl violet staining, the slide-mounted brain sections were incubated with cresyl violet (sigmaAldrich) for 30 min at 37°C. An ethanol solution was used to differentiate the stain. The sections were then rinsed with distilled water and air-dried fully. TUNEL staining was performed according to the manufacturer's suggested protocol (NeuroTaCs Tm ii in situ apoptosis Detection Kit; Trevigen, Inc., Gaithersburg, MD, USA).
Quantification of Purkinje cells and granular cells
We counted Purkinje cells in defined areas of cerebellum in a blinded manner. Four square counting frames (1 mm × 1 mm) were placed of the four regularly spaced sections. The number of Purkinje cells and granular cells in each counting frame and the average number was used for statistical analysis in all animals. Five mice were included in each group.
Statistical analysis
The data are presented as the mean ± sEm. statistical analyses were conducted using Excel Statistics 2006 (SSRI, Tokyo, Japan). The data were analyzed using Dunnett's tests. The results were considered to be statistically significant at a P<0.05 or lower probability of error.
Results
mRNA expression patterns in the cerebellum of tottering6j mice
We assessed the expression patterns of Calb1, Calb2, TH, ZebrinII, Ryr1, Ryr2, and Ryr3 mRNA in the mouse cerebellum using real-time qRT-PCR analysis (Fig. 1) . The expression of TH, ZebrinII, and Ryr3 mRNA was significantly increased in tottering-6j mice compared with that of +/+ mice. Conversely, the transcript levels of Calb2 were significantly decreased in tottering-6j mice in comparison with +/+ mice. No amplification products were detected in the fractions that did not include cDNa (data not shown).
Histological observation of protein expression patterns in the cerebellum of tottering-6j mice
We have used cresyl violet staining to check the gross morphology and cytoarchitecture. The gross morphology (data not shown) and cytoarchitecture (Fig. 2) of the cerebellum in tottering-6j mice were similar to those of +/+ mice. The numbers of Purkinje cells between +/+ and tottering-6j mice showed no significant difference (+/+; 37 ± 5 cells/mm 2 , tottering-6; 41 ± 3 cells/mm 2 , P>0.05). The numbers of granule cells between +/+ and tottering-6j mice also showed no significant difference (+/+; 2,965 ± 35 cells/mm 2 , tottering-6; 2,970 ± 120 cells/mm 2 
, P>0.05).
We determined the expression levels of Calb1, Calb2, TH, ZebrinII, Ryr1, Ryr2, and Ryr3 in the cerebellum of +/+ and tottering-6j mice using immunostaining. The expression levels of Calb1, Ryr1, and Ryr2 were similar between +/+ and tottering-6j mice (data not shown). However, the levels of TH (Fig. 3) , ZebrinII (data not shown), and Ryr3 (Fig. 4) were higher than those observed in +/+ mice. Specifically, the expressions of TH and ZebrinII were dramatically increased in the Purkinje cells of tottering-6j mice. The Ryr3 expression was increased in the granular layer of tottering-6j mice. Despite the abovementioned increased protein expression levels in tottering-6j mice, the level of Calb2 was lower than that observed in the granular layer of the cerebellum in +/+ mice (Fig. 5) .
Apoptotic cell death in the cerebellum of tottering-6j mice
We examined the amount of apoptosis in the cerebellum of +/+ and tottering-6j mice. Apoptotic cell death was observed in the granular layer of the cerebellum in tottering-6j mice. The number of apoptotic cells was greater in tottering-6j mice than in +/+ mice (Fig. 6 ).
Discussion
in this study, we examined the gross morphology and cytoarchitecture of the cerebellum in tottering-6j mice. While wobbly mice showed shorter length between the molecular layers in cerebellum than +/+ mice [23] , tottering-6j mice had normal gross morphology and cytoarchitecture. This finding corresponds with a previous study [10] .
Using real time qRT-PCR and immunohistochemistry, we investigated the mRNA and protein expression patterns of Calb1, Calb2, TH, ZebrinII, Ryr1, Ryr2, and Ryr3 in the cerebellum of tottering-6j mice. The expression of TH, ZebrinII, and Ryr3 was significantly increased in tottering-6j mice compared with that of +/+ mice. The expression of Calb2 was significantly decreased in tottering-6j mice in comparison with +/+ mice. The expression levels of Calb1, Ryr1, and Ryr2 were similar between +/+ and tottering-6j mice. These expression patterns were similar between real time qRT-PCR and immunohistochemistry studies. Our results indicated that the alternated Ca 2+ signaling through mutated Cav2.1 in tottering-6j strain would affect the transcrip- tional mechanisms for controlling expression of the Calb2, TH, ZebrinII, and Ryr3 in the cerebellum. Calb1 and Calb2 are calcium-binding proteins that are enriched in cerebellar cells [19, 20] . Calb1 is predominantly expressed in Purkinje cells. Granule cells are the predominant neuron type that expressed Calb2 [19] . Calb1 expression was found to be decreased in some Cacna1a mutant strains, including tg [16] and pogo [9] mice, indicating the loss of Purkinje cells. Calb1 expression was normal in tottering-6j mice, which supports the concept that tottering-6j mice do not exhibit Purkinje cell degeneration. tg, wobbly, and la mice exhibited a significant reduction in the expression of Calb2 in the granular layer [2, 13, 23] . Tottering-6j mice also showed attenuated Calb2 expression in the granular cells. a previous study reported the absence of Calb2 in the cerebellar granule cells of Calb2 −/− mice, which displayed altered Purkinje cell firing that resulted in impaired motor coordination [20] . These results indicate that Cacna1a mutation would lead to abnormal signal communication between granular and Purkinje cells and result in ataxia.
TH is a key enzyme involved in the Cav2.1 related noradrenergic biosynthesis pathway [3] . In this study, a specific subset of Purkinje cells in 8-week-old tottering6j mice exhibited persistent TH expression which is not expressed in +/+ mice. This result correlates with our previous study [10] . Abnormal expression of TH was also found in other Cacna1a mutant mice, including la [3] , tg [3] , rol [16] , tottering-4j [11] , tottering-5j [11] , and wobbly [23] . ZebrinII is predominantly expressed in Purkinje cells, but little is known about its functional significance [3] . The expression pattern of TH resembles that of ZebrinII, a late-onset pattern marker, in tg, la, and rol mice [3, 16, 18] . Its expression pattern consists of an array of parasagittal stripes, each comprising a few hundred to a few thousand Purkinje cells [8] . A similar expression pattern of TH and ZebrinII was found in tottering-6j mice. The level of the ZebrinII signal was also enhanced in tottering-6j mice. Ryrs are channels involved in intracellular calcium release [17] . Three types of Ryrs have been identified and are widely expressed in mouse tissues [4] . Ryr1 expression was observed in Purkinje cells, whereas Ryr3 expression is found in granule cells [4, 12] . Sawada et al. (2008) suggested that Cav2.1 channel dysfunction might affect Ryr1 and Ryr3 expression via altered Ca 2+ concentration in cerebellar neurons [17] . There are several reports of altered Ryr expression in Cacna1a mutant mice. Ryr1 expression was decreased in the cerebellum of tg mice [2] . Rol mice displayed a reduced Ryr1 expression signal and an enhanced Ryr3 expression signal [17] . In tottering-6j mice, the expression of Ryr1 and Ryr2 was similar to that of +/+ mice. The reason for normal Ryr1 expression is unclear in the present study. We assume that the location of the mutation in the Cav2.1α 1 subunit of tottering-6j mice does not affect Ryr1 expression; however, the location of the mutation in tg and rol mice does.
The cerebellum undergoes apoptosis during normal development. This process ends around postnatal day 17 [6] . TUNEL-positive cells were frequently found in the granule cell layer of tottering-6j mice, similar to rol [21] and la mice [3] . Similar to other mutant mice, cerebellar maturation would also be delayed in tottering-6j mice. in summary, the results from this study showed the expression patterns of Calb1, Calb2, TH, ZebrinII, Ryr1, Ryr2, and Ryr3 in the cerebellum of tottering-6j mice in comparison with other Canca1a mutant mice. These expression patterns were the result of Ca 2+ dysregulation due to the mutation in the Cacna1a gene. The mutation locations differ in each mutant mouse strain. Therefore, the expression patterns might be different among mutant mice. We showed that differences in the location of the Cacna1a mutation play a significant role in mRNA and protein expression patterns and that similar to mutant mouse strains, mutation locations differ in human neurologic disorders, such as familial hemiplegic migraine, episodic ataxia type 2, and spinocerebellar ataxia type 6. Although seven would be a very small number of proteins to be considered as 'profile' to probe human neurologic disorder, our findings could be useful in studies of mRNA and protein expressions. Thus, the tottering-6j strain is a useful model for cerebellar mRNA and protein expression studies of the Cav2.1 dependent Ca 2+ signaling.
